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Peptidylarginine deiminase activity has been found in 
some tissues from at least one representative of each 
vertebrate class, suggesting that the ocurrence of the 
enzyme throughout the vertebrates is widespread. Using 
a three-step procedure including affinity chromatogra-
phy on arginine agarose, a greatly improved purifica-
tion of bovine epidermal peptidylarginine deiminase is 
presented. The purified enzyme preparation contains a 
70-75 kD band and several minor components when 
examined by sodium dodecyl sulfate electrophoresis. A 
poly clonal antibody raised to the enzyme of bovine brain 
cross-reacts with human and newborn rat epidermis by 
indirect immunofluorescence. This cross-reactivity is 
markedly diminished by absorption of the antibody to 
the purified brain enzyme. 
The finding that citrulline was present in the peptide linkage 
of inner root sheath and medulla ry proteins of hair follicle led 
to the discovery of an enzyme which converted peptide-bound 
a rginine to peptide-bound citru lline [1 ,2). Partial purification 
of this enzyme, for which the name peptidylarginine deiminase 
has been suggested [3], has been achieved using epidermis, 
muscle, and brain [3- 8]. In a recent paper we reported the 
purification of the bovine brain enzyme to a single polypeptide 
of M, 85,000, the preparation of an antibody to it, and the 
immunologic, physical , and kinetic differences between it and 
the enzyme of bovine epidermis [8]. This paper reports a 
method for the 400-fold purification of the epidermal enzyme, 
further immunologic studies using the antibody to brain en-
zyme, and a survey of the occurrence of the enzyme in verte-
brate classes. 
MATERIALS AND METHODS 
Anim.aiB and Tissues 
Epidermis was obta ined from bovine snouts by s li cing parallel to the 
surface with a razor blade, from fi sh by gentle scraping of the dorsal 
surface with a scalpel , from frog torso skin and torto ise limb skin by 
stretching the skin and sc rap in g with a sca lpel blade, and from bird 
feet and human palms by incubation in phosphate-buffered saline 
conta ining 1% EDTA at 37•c. Muscle was dissected from t he thigh of 
a ll species except for the ca rp. Human muscle was obtained from 
autopsy material. Nerve, except where indica ted, was dissected from 
peripheral areas. Brains and eyes were removed in tact. All t issue was 
homogenized in 50 mM Tris- HCI, pH 7.5, containing 2 mM EDTA and 
centrifuged at l 00,000 g for 30 min prior to assay. 
Measurement of En zyme Activity 
Enzyme activity was measured using a spectrophotometric assay 
which has bee n prev iously described ]8] and is based on measuring the 
amount. of ureido group produced in reaction mixtures. Enzyme activity 
was also measured by means of a radioactive assay using [ethyl-"H ] 
benzoyl arginine ethyl ester purchased from New England Nuclear, 
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Abb reviat ions: 
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Boston, Massachusetts [8]. An enzyme unit is that amount of enzyme 
which produces 1 11mol of ureido group per h from benzoyl arginine 
ethyl ester at. pH 7.5 at 5o· c. Protein was measured using the Bio Rad 
method. 
immunology 
Peptidylarginine deiminase was isolated from bovine brain as pre-
viously described [8]. The last step was excision of a single band of M, 
85,000 from a sodium dodecyl sulfate (SDS) preparative gel. A rabbit 
polyclonal antibody was prepared to this band ]8]. The sera of the 
rabbits obtained prior to immunization showed no reaction to human, 
rat, and bovine epidermis by immunof1uorescence. The antibody was 
absorbed by adding 50 Ill of the antiserum to 1 mg of purified brain 
~nzyme (spe act 15 units/mg) in 500 11l of 50 mM Tris-HCl, pH 7.5, 
containing 0.5 mM dithiothreitol and 3 mM MgCJ,. Solutions were 
incubated at 37•c for 0.5 h, centrifuged at 100,000 g for 30 min, and 
the supernatant used as the absorbed ant ibody. Control antibodies were 
diluted and incubated in an identical manner. 
Absorbed and unabsorbed antisera were further diluted to 1/30 the 
concentration of undiluted serum and then reacted with 4-11 m sections 
of human, bovine snout, and newborn rat epidermis. Sections were 
then reacted with a goat antirabbit lgG f1uorescein isothiocyanate 
conjugate diluted 1:60 in phosphate-buffered saline. 
Epidermal Enzyme Purification 
Epidermis from 50- 100 bovine snouts were homogenized in 5 mM 
Tris- HCI, pH 7.5, containing 2 mM EDTA at the rate of 3 to 6 ml of 
buffer per g of tissue. After centrifugation a t 50,000 g the sample was 
made 0.50 mM in dithiothreitol and adjusted to pH 7.0 with 5 N HCJ. 
The enzyme was then purified using a three-step procedure involving 
anion exchange, cation exchange, and affinity chromatography. Sam-
ples were chromatographed on DEAE-cellulose and eluted with a linear 
sodium chloride gradient. Fractions containing enzyme were combined, 
adjusted to pH 6.5, and dialyzed against 5 mM Tris-HCI, pH 6.5, 
containing 2 mM EDTA and 0.50 mM dithiothreitol. The sample was 
app lied to a Su lphopropyl -Sephadex C-50 column equilibrated in the 
same buffer and then eluted with a linear gradient of NaCJ. Enzyme 
containing fractions were pooled, adjusted to pH 7.5 and then dialyzed 
vs 5 mM Tris- HCI, pH 7.5, containing 2 mM EDTA a nd 0.50 mM 
dithiothreito l. Enzyme was absorbed to a column of arginine agarose 
(Bethesda Research Laboratories) equi librated in sample buffer and 
then eluted with a NaCl gradient . 
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SDS electrophoresis was done in 1.5 mm-thick 7.5% polyacrylamide 
gels according to Laemmli [9]. 
RESULTS 
Table 1 shows the results of a survey of enzyme activity in 
representatives from each vertebrate class. Enzyme activity 
was present in all the animals that we tested, although it was 
not present in all tissues of a particular animaL High levels of 
activity were measured in brain and skeletal muscle of most of 
the an imals we tested. Substantial amounts of act ivity were 
found in whole eyes but we did not attempt to localize the 
activity to a particular anatomic region . Lesser amounts of 
activity were measured in epidermis and peripheral nerve. 
We previously published a partial purification of epidermal 
peptidylarginine deiminase using ammonium sulfate precipi-
tation, ion exchange chromatography, and gel filtration [5]. 
The purification procedure presented here (Figs 1-3 and Table 
II) gives specific activities 400-fold greater than the starting 
material and at least 40-fold greater t han seen with the earlier 
procedure. Using purified ep idermal enzyme a Km of 1.67 m M 
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TAB LE I. Specific acl ivitics of peptidylarginine deiminase in vertebrate 
t.issues 
Species Brain Eye Nerve Epidermis Muscle 
Fish (carp) 4.07 O.G7 2.13 0.04 0.29 
1.30" 
Amp hibian (frog) 7.GO J.:17 0.24 2.30 
Rept ile (tortoise) O.GG 1.25 0.09b 0 2.80 
B ird (chicken) 0.50 0. 15 2.80 O.Gl 0 
Mammal (cow) :3.:10' 0.55' 0 
(human) traced 0.05' 0.33 
t racer 
Activity is expressed in units per g of wet weight ti ssue. a is sunfish, 
b is s pi nal cord , c was prev iousl_v published by us 17 ], dis spinal fluid , 
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FIG L Chromatograp hy on DEAE-Cellulose. Crude bov ine snout 
extract (1.5 liters) was chromatograp hed on a 5 X 40 em column of 
DEAE-cellu lose. The sa mple and sta rt ing butler was 5 mM Tris- HCl, 
pH 7.0, containing 0.5 mM dithiothreit ol and 2 mM EDTA. Protein 
was e luted with sta rting buffer co nta ining a linea r NaCI gradient of 0-
0 .2 M ove r 4 h at a fl ow rate of SO ml/ h. 
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F IG 2. Chromatography on SP-Sephadex. Material from DEAE-
cellu lose chromatography was dialyzed in to 5 mM Tris- HCl, pH G.5 , 
con ta ining 2 mM EDTA and 0.50 mM dithiothre ito l, and applied to a 
2.5 x 30 em column of SP-Sephadex equilibrated in the same buffer. 
The s ample was eluted with a 24 -h linear NaC l gradient of 0- 0.2 M in 
sta rt ing butler. The fl ow rate was about 50 ml/ h. 
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F IG 3. Chromatograp hy on arginine agarose. Enzyme contai nin g 
frac tions from SP-Sephadex chromatography were combined and di -
alyzed in to 5 mM Tris- HCl, pH 7.5, co ntaining 2 mM EDTA and 0.5 
mM d ithiot.hreitol, and then applied to a 1.5 X 20 em colum n of arginine 
agarose equilibrated in the sa me buller. Enzyme activity was elu ted 
with a 0- 50 mM linea r NaC I gradient in the above buffer at. a fl ow rate 
of 16 mlfh. 
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was found for benzoyl a rginine ethy l ester. When t he most 
purified preparations of epiderm a l peptidylarginine deiminase 
were examined by SDS electrophoresis, several ba nds were 
seen . The most prominent of t hese had a m ob ili ty co rrespond-
ing to t he 70- 75 kD range while bands of lesser intensity we re 
seen at lower mol ecular wei gh ts (Fig 4B) . Earlier a molecular 
weight of 69 kD had been reported for t he undenatured en zym e 
[5]. 
An antibody raised to t he s ingle polypeptide responsib le fo r 
peptidylarginine activity in bovine brain did not react with 
bovine snout epide rmis when examined by indirect immuno flu -
orescence. H owever, strong reactions were seen in t he supra-
basa l laye rs of both huma n and newborn rat epiderm is (Figs 
5A, 6A ). When the a n tibody was preabsorbed with purified 
brain enzym e its reaction to human a nd newborn ra t epidermis 
was markedly decreased in in tensity (Figs 5B, 6B) . 
DISCUSSION 
Peptidyla rginine deiminase was origina lly detected in t he 
guinea pig ha ir follicle, a n epidermal appendage [1 ,2]. Later the 
activi ty was a lso detected in newborn rat a nd cow epidermis 
and active enzyme was partially purified from t hese sources [3-
5]. An early report t hat citrulline was present in peptide linkage 
in a huma n myelin fraction [10] prompted us to examine 
additional tissues including those of t he cen tral ne rvous system. 
Several organs and tissues of t he rat were examined a nd s ig-
nifica nt activi ty was fou nd in brain a nd ep ide rmis whil e trace 
TABLE II. Purification of epidermal peptidy larginine deim.inase 
Step Activity Prote in Sp act Purifi cation Yie ld (units) (mg) (un it.s/mg) (%) 
Crude 62.7 7200 0.0087 
DEAE-cellulose 44.0 970 0.04·54 5.2 70 
SP-Sephadex 2G.G G2 0.430 49 42 
Arginine aga rose l G.O 3.9 4. 10 472 2G 
FIG 4. SDS electrophoresis of purified bovine brain (A) , and epi -
dermal (B) pept.idylarginine deiminases. The positions of molecular 
weight. markers in kilodaltons are shown in A and an arrow indicates 
the major 70- 75 kD component of the purified epidermal enzyme 
preparation. 
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Ftr. 5. Indirect immu nofluorescence of human epidermis. Succes-
sive 4 -11 m sections from the same frozen bloc k of ti ssue were reacted 
with brain enzyme antibody (A), and brain enzyme antibody previously 
abso rbed with pu rifi ed brain em .. vme (8). 
FiG 6. I ndirec\ immu nofluorescence of newborn rat epidermis. Suc-
cessive 4-11 m sections from the sa me bl ock of t issue were reacted with 
brai n enzyme antibody (A), and brain enzyme antibody previously 
absorbed with purified brain enzyme (B) . 
a mou nt. were a lso seen in lung and kidn ey. Recent papers 
reported high levels of t he act ivity in rabbit skeletal muscle 
a nd a lso desc ribed t he isolatio n of t he enzyme from t hat source 
\6,7]. W e found bov ine brain t.o be particu la rly rich in t he 
act ivity a nd we were ab le to obta in a purified enzyme from t his 
source as well [8 \. These s tudies suggested t hat t he enzyme was 
widesp read in mammals a nd occurred chi e fl y in nervous t issue, 
ep ide rm is and ha ir folli cle, a nd ske leta l muscl e. W e t hen asked 
whethe r the enzy me a lso occurred in the corresponding t issues 
of othe r verteb rates and whether t he levels were comparab le to 
t hose of mam ma ls. The represe ntatives t hat we selected for 
assay a re show n in Table I. T he criterion used for t hese 
se lections was s imply t he ease of obta in ing t he a nimal. The 
fact that s ignificant a mounts of act iv ity were fou nd in eve ry 
a nimal s hows t hat the activi ty does occur in a ll ve rtebrate 
classes a nd indeed may be widespread a m·o ng many species of 
eac h class. Furthe rm ore, a ll t he a nima ls tested co ntain pepti -
dyla rg-inine de imina:es which are act ive under iden t ical condi-
t ions o r assay . This suggests t hat in these ve rtebrates t he 
enzymes are act ive under simila r in v ivo co nditions a nd may 
se rve t he same o r s imilar fun ctions. It s hou ld be noted t hat. 
uRing a diffe rent. substrate o r different assay condit ions cou ld 
have given act ivity di stributions othe r t ha n t he one prese n ted. 
Acco rdingly, caution must be exercised in extrapo lating t he 
relat ive a mounts o f enzy me in t.he va ri ous t issues. 
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The en zy me was purified from ep idermis by a procedure 
which gave a purification far greater t han seen earlier from 
eit her cow or rat [3,5]. The increased purification was largely 
due to affinity chromatography on a rginine agarose, a technique 
which was used to success fully purify t he bra in enzyme. Al-
t hough t he spec ific act ivity of t h e purified epidermal en zyme 
was very high , t he purification was not to homogeneity and 
severa l components were visible by SDS electrophoresis. The 
indirect immunof1uorescence studies s how t hat an t ige ns that 
are immunologically related to t he bov ine brain enzyme occur 
in both huma n a nd newborn rat ep idermis. S ince t hese t issues 
a re known to contain peptidylarginine deiminases [4,5], it is 
most likely that t he reactions see n are due to their presence. 
That t hese reactions a re blockable by absorpt ion with purified 
brain peptidylarginine deiminase substantiates t his. 
Con side ring t he intens ity of the reactions to both human and 
newborn rat epide rmis , t he lac k of a reaction to bovine snout 
ep idermis was somewhat unexpected. However, it was shown 
previous ly t hat this a n t ibody did not react with partially puri-
fi ed bovine snout enzyme by seve ra l tec hniques [8] a nd it may 
be t hat t he cross- reactivity to t his a n t igen is weak at best. 
Although from the same spec ies, the ep ide rmis and brain en-
zymes differ in t heir K,.s for benzoyl a rginine ethyl ester, 
molecular weights, chromatographic behaviors, and substrate 
specificit ies. It may not be surpri s ing t hat two proteins that 
differ in so many ways s hould a lso differ in t heir immunologic 
behaviors. There is anot her poss ib le exp lanation for t he failure 
of t he antibody to react with bovine ep ide rmi s. Cytoplasmic 
soluble antige ns a re someti mes difficult to demonstrate on fresh 
tissue s ince t hey ca n be was hed out during processing. We are 
curren t ly exploring several fi xation procedures as a mea ns of 
demonstrati ng t he en zyme in bovine epidermis. W e are also 
t rying to utilize t he antibody bound to an insoluble matrix as 
a preparative step in purifying t he epide rmal enzyme of rat and 
huma n to homogene ity so t hat an a n t ibody can be ra ised which 
is more specific to t he enzymes of t his t issue . 
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